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57 ABSTRACT 

The erbium-doped fiber amplifier comprises: a first erbium 
doped optical fiber pumped by 0.98 um band light and 
amplifying the signal light, a first pump light source for 
producing the 0.98 um band light; a first optical coupler for 
coupling the 0.98 um band light with the signal light at an 
input portion of the first optical fiber; a second erbium 
doped optical fiber pumped by 1.48 um band light and 
amplifying the signal light; a second pump light source for 
producing the 1.48 um band light; and a second optical 
coupler for coupling the 1.48 um band light with the signal 
light at an output portion of the second optical fiber; wherein 
a pump light isolator is installed between the first optical 
fiber and the second optical fiber for blocking the passing of 
the 1.48 um band light from the second optical fiber to the 
first optical fiber while allowing the passing of the signal 
light. 

26 Claims, 16 Drawing Sheets 
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1. 

ERBUM-DOPED FEBER AMPLFER AND 
AN OPTICAL FIBER COMMUNICATION 

SYSTEM 

This application is a continuation of application Ser. No. 
08/240,324 filed May 10, 1994, now abandoned. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an erbium-doped fiber 
amplifier pumped in the 0.98 um and 1.48 m bands and an 
optical fiber communication system having the same. 

2. Description of the Related Art 
Having many advantages over an electrical communica 

tion system, an optical fiber communication system has been 
actively studied and developed or already put into practical 
use in various fields. In such an optical fiber communication 
system, the propagation loss can be easily compensated by 
using erbium-doped fiber amplifiers which can directly 
amplify a light signal without converting it to an electrical 
signal. 

Since the fiber amplifiers have a high saturated output, it 
is possible to increase the number of distribution ends in the 
entire optical system. Especially, when the fiber amplifiers 
are used for an optical subscriber system where information 
with a large capacity Such as images is transmitted from a 
base station to home terminals or for a system called “Fiber 
To The Home', multi-channeling and multi-distribution can 
be more easily achieved. This contributes to facilitating the 
propagation of the system in the aspects of both the software 
and the cost. In the "Fiber To The Home' system, a 
multi-channel image signal transmission service called an 
optical CATV where the existing electrical CATV system 
has been developed to utilize optical transmission is pre 
dicted to be first put into practical use. Analog signal 
transmission is more advantageous for the above system 
than digital signal transmission because the former is com 
patible with the existing image information recording mode 
and is less expensive than the latter. Accordingly, the system 
adopting the analog mode is now being studied. The ampli 
tude modulation or the frequency modulation is generally 
used for the analog signal transmission. In either case, the 
performance of the system depends on the carrier-to-noise 
ratio (CNR) and the distortion property. The CNR property 
is especially important for an AM-FDM (frequency division 
multiplexer) optical distribution system. 
The fiber amplifier is essentially a low noise amplifier. 

Especially, it is known that, at 0.98 um band pumping, the 
noise figure (NF) degrades to the quantum limit of 3 dB 
because the maximum population inversion is realized at 
this wavelength. This noise property of the fiber amplifier 
when pumped in the 0.98 pum band is reported, for example, 
in IEEE Photonics Technology Letters, vol. 2, No. 6, 1990, 
pp. 418-421. 

It is also known that, at 1.48 in band pumping, the 
conversion efficiency is high because the pump wavelength 
and the signal light wavelength are close to each other. As 
a result, high output can be easily obtained. Power require 
ments for erbium-doped fiber amplifiers pumped at various 
wavelengths are reported, for example, in IEEE Photonics 
Technology Letters, vol. 4, No. 1, 1992, pp. 46–49. 

It is considered, therefore, that a hybrid pumped fiber 
amplifier pumped at both 0.98 um and 1.48 um may provide 
low noise and high output power properties simultaneously. 
A study on a hybrid pumped preamplifier is reported in 
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2 
Electronics Letters, vol. 28, No. 17, 1992, pp. 1642-1643. A 
study on a hybrid erbium-doped fiber in-line amplifier is 
reported in ECOC'91, paper WeC9-2, 1991, pp. 585-587. 
The latter includes an optical isolator inserted in the middle 
portion of an erbium-doped optical fiber for suppressing a 
feedback effect. As for a hybrid erbium-doped fiber post 
amplifier, it is reported that the NF property degrades when 
1.48 um pump light increases in The Institute of Electronics, 
Information and Communication Engineers, 1993 spring 
convention paper, No. 4, C-297. This paper proposes insert 
ing an optical isolator in the middle portion of an erbium 
doped optical fiberto prevent the lowering of the population 
inversion. 

With the insertion of an optical isolator in the middle 
portion of an erbium-doped optical fiber, the output power 
and NF properties are improved for a fiber amplifier of a 
bidirectional pumping mode. This is because amplified 
spontaneous emission (ASE) propagating opposite to the 
direction of signal light is eliminated by the optical isolator. 
This is reported in The Institute of Electronics, Information 
and Communication Engineers, Optical Communication 
System Society, OCS92-27, 1992, pp. 9-16. However, since 
the ASE is suppressed under the high-input and high-output 
conditions required for a post amplifier, the effect of improv 
ing the properties by eliminating the ASE will be small for 
the post amplifier application. 
An optical filter may be inserted in an end portion of a 

fiber amplifier pumped at 1.48 um or 0.98 in where a light 
signal has been amplified through an erbium-doped optical 
fiber for the purpose of eliminating beat noise generated by 
spontaneous emission. Such a fiber amplifier is reported in 
IEEE Photonics Technology Letters, vol. 2, No. 3, 1990, pp. 
205-207. 

It is obvious from the above description that a practical 
high-performance fiber amplifier can be obtained by utiliz 
ing the respective advantages of 0.98 um and 1.48 um pump 
wavelengths, thus increasing the output power and decreas 
ing the NF of the amplifier. 
The 0.98 um/1.48 um hybrid pumped fiber amplifier is 

theoretically considered to be effective for increasing the 
output power and decreasing the NF. In practice, however, 
when 1.48 um pump light is increased to obtain a high output 
power, the NF property degrades. On the contrary, when an 
optical isolator is inserted in the middle portion of an 
erbium-doped optical fiber in order to decrease the NF, the 
output power decreases. Thus, it is difficult to obtain a 
hybrid pumped post amplifier with high output power and 
low NF properties. 
One object of the present invention is to provide a 0.98 

um/1.48 um hybrid pumped fiber amplifier with high output 
power and low NFproperties by isolating pump light using 
an optical component with low insertion loss such as an 
optical filter, by using an erbium-doped optical fiber having 
a small emission cross section in the 1.48 um band, or by 
pumping at a wavelength of the 1.48 um band capable of 
providing a smaller emission cross section. 

Another object of the present invention is to provide a 
light signal transmission system with enhanced capabilities 
of long-distance transmission and multi-distribution. 

SUMMARY OF THE INVENTION 

The erbium-doped fiber amplifier for amplifying signal 
light according to the present invention comprises: a first 
optical fiber doped with erbium ions and having an input 
portion and an output portion, the first optical fiber being 



5,623,362 
3 

pumped by 0.98 um band light and amplifying the signal 
light; a first pump light source for producing the 0.98 um 
band light; a first optical coupler for receiving the 0.98 um 
band light from the first pump light source, and coupling the 
0.98 um band light with the signal light at the input portion 
of the first optical fiber; a second optical fiber doped with 
erbium ions and having an input portion and an output 
portion, the second optical fiber being pumped by 1.48 um 
band light and amplifying the signal light; a second pump 
light source for producing the 1.48 um band light; and a 
second optical coupler for receiving the 1.48 um band light 
from the second pump light source, and coupling the 1.48 
um band light with the signal light at the output portion of 
the second optical fiber; wherein a pump light isolator is 
installed between the output portion of the first optical fiber 
and the input portion of the second optical fiber, and the 
pump light isolator blocks the passing of the 1.48 un band 
light from the input portion of the second optical fiber to the 
output portion of the first optical fiber so that the 1.48 um 
band light be smaller than the signal light in the first optical 
fiber, while the pump light isolator allows the passing of the 
signal light from the output portion of the first optical fiber 
to the input portion of the second optical fiber. 

In one embodiment, the pump light isolator includes an 
optical filter. 

In another embodiment, the pump light isolator includes 
an optical fiber-grating. 

In another embodiment, the pump light isolator includes 
an optical isolator. 

In another embodiment, the first pump light source 
includes a semiconductor laser. 

In another embodiment, the second pump light source 
includes a semiconductor laser. 

Alternatively, the erbium-doped fiber amplifier for ampli 
fying signal light comprises: an optical fiber doped with 
erbium ions, the optical fiber being pumped by 0.98 um band 
light and 1.48 um band light and amplifying the signal light; 
a first pump light source for producing the 0.98 pum band 
light; a first optical coupler for receiving the 0.98 um band 
light from the first pump light source, and coupling the 0.98 
um band light with the signal light; a second pump light 
source for producing the 1.48 um band light; and a second 
optical coupler for receiving the 1.48 umband light from the 
second pump light source, and coupling the 1.48 um band 
light with the signal light, wherein an emission cross section 
of the optical fiber at 1.48 m band is sufficiently smaller 
than an absorption cross section at the 1.48 um band so that 
the 1.48 pum band light will not be amplified. 

In one embodiment, the first pump light source includes 
a semiconductor laser. 

In another embodiment, the second pump light source 
includes a semiconductor laser. 

Alternatively, the erbium-doped fiber amplifier for ampli 
fying signal light comprises: an optical fiber doped with 
erbium ions, the optical fiber being pumped by 0.98 umband 
light and 1.48 um band light and amplifying the signal light; 
a first pump light source for producing the 0.98 um band 
light; a first optical coupler for receiving the 0.98 um band 
light from the first pump light source, and coupling the 0.98 
um band light with the signal light; a second pump light 
Source for producing the 1.48 um band light; and a second 
optical coupler for receiving the 1.48 umband light from the 
second pump light source, and coupling the 1.48 um band 
light with the signal light, wherein the 1.48 um band light 
has a wavelength of a level where the 1.48 um band light 
will not be amplified in the optical fiber. 
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4 
In one embodiment, the first pump light source includes 

a semiconductor laser. 
In another embodiment, the second pump light source 

includes a semiconductor laser. 
According to another aspect of the present invention, an 

optical fiber communication system is provided, which 
comprises: a light source for producing 1.55 um band light 
as signal light; a first optical fiber doped with erbium ions 
and having an input portion and an output portion, the first 
optical fiber being pumped by 0.98 um band light and 
amplifying the signal light; a first pump light source for 
producing the 0.98 um band light; a first optical coupler for 
receiving the 0.98 um band light from the first pump light 
source, and coupling the 0.98 um band light with the signal 
light at the input portion of the first optical fiber; a second 
optical fiber doped with erbium ions and having an input 
portion and an output portion, the second optical fiber being 
pumped by 1.48 um band light and amplifying the signal 
light; a second pump light source for producing the 1.48 um 
band light; and a second optical coupler for receiving the 
1.48 um band light from the second pump light source, and 
coupling the 1.48 um band light with the signal light at the 
output portion of the second optical fiber; wherein a pump 
light isolator is installed between the output portion of the 
first optical fiber and the input portion of the second optical 
fiber, and the pump light isolator blocks the passing of the 
1.48 um band light from the input portion of the second 
optical fiber to the output portion of the first optical fiber so 
that the 1.48 um band light be smaller than the signal light 
in the first optical fiber, while the pump light isolator allows 
the passing of the signal light from the output portion of the 
first optical fiber to the input portion of the second optical 
fiber. 

In one embodiment, the pump light isolator includes an 
optical filter. 

In another embodiment, the pump light isolator includes 
an optical fiber-grating. 

In another embodiment, the pump light isolator includes 
an optical isolator. 

In another embodiment, the first pump light source 
includes a semiconductor laser. 

In another embodiment, the second pump light source 
includes a semiconductor laser. 

Alternatively, the optical fiber communication system 
comprises: a light source for producing 1.55 um band light 
as signal light; an optical fiber doped with erbium ions, the 
optical fiber being pumped by 0.98 um band light and 1.48 
um band light and amplifying the signal light; a first pump 
light source for producing the 0.98 pum band light; a first 
optical coupler for receiving the 0.98 umband light from the 
first pump light source, and coupling the 0.98 um band light 
with the signal; a second pump light source for producing 
the 1.48 um band light; and a second optical coupler for 
receiving the 1.48 unband light from the second pump light 
source, and coupling the 1.48 um band light with the signal 
light, wherein an emission cross section of the optical fiber 
in the 1.48 umband is sufficiently smaller than an absorption 
cross section at the 1.48 um band so that the 1.48 um band 
light will not be amplified. 

In one embodiment, the first pump light source includes 
a semiconductor laser. 

In another embodiment, the second pump light source 
includes a semiconductor laser. 

Alternatively, the optical fiber communication system 
comprises: a light source for producing 1.55 um band light 
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as signal light; an optical fiber doped with erbium ions, the 
optical fiber being pumped by 0.98 um band light and 1.48 
um band light and amplifying the signal light, a first pump 
light source for producing the 0.98 um band light; a first 
optical coupler for receiving the 0.98 umband light from the 
first pump light source, and coupling the 0.98 um band light 
with the signal light; a second pump light source for pro 
ducing the 1.48 um band light, and a second optical coupler 
for receiving the 1.48 um band light from the second pump 
light source, and coupling the 1.48 um band light with the 
signal light, wherein the 1.48 um band light has a wave 
length of a level where the 1.48 um band light will not be 
amplified. 

In one embodiment, the first pump light source includes 
a semiconductor laser. 

In another embodiment, the second pump light source 
includes a semiconductor laser. 

According to the present invention, the 0.98 um/1.48 um 
band hybrid pumped fiber amplifier is provided with a pump 
light isolator. With this configuration, 1.48 um pump light is 
prevented from being amplified by 0.98 um band light. As a 
result, the NF can be decreased even at a high-output 
operation. 

Thus, the invention described herein makes possible the 
advantages of (1) providing a fiber amplifier with high 
output power and low NF properties, and (2) providing a 
light signal transmission system with enhanced capabilities 
of long-distance transmission and multi-distribution. 
These and other advantages of the present invention will 

become apparent to those skilled in the art upon reading and 
understanding the following detailed description with refer 
ence to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a configuration of a first example of the fiber 
amplifier according to the present invention. 

FIG. 2 shows a configuration of a system for evaluating 
the output power and NF properties of a fiber amplifier. 

FIGS. 3A and 3B show the output power and NF prop 
erties as functions of the concentration/length product of an 
optical fiber, respectively, with the input power as a param 
eter changing in the range of -20 dBm to 10 dBm, under the 
conditions of the sum of the concentration/length products 
of optical fibers of 10 Kppmm, each of 0.98 um/1.48 um 
band pump light powers of 100 mW, and the wavelength of 
signal light of 1.551 um. 
FIGS. 4A and 4B show the output power and NF prop 

erties as functions of the concentration/length product of an 
optical fiber, respectively, with the total 0.98 um/1.48 um 
band light powers as a parameter changing in the range of 40 
mW to 200 mW, under the conditions of the sum of the 
concentration/length products of 10Kppm-m, the ratio of the 
0.98 pum/1.48 um band light powers of 3:1, the input light 
power of 1 dBm, and the wavelength of signal light of 1.551 
III. 
FIGS. 5A and 5B show the output power and NF prop 

erties as functions of the concentration/length product of an 
optical fiber, respectively, with the total 0.98 um/1.48 um 
band light powers as a parameter changing in the range of 40 
mW to 200 mW, under the conditions of the sum of the 
concentration/length products of 10Kppm.m, the ratio of the 
0.98 um/1.48 um band light powers of 3:1, the input light 
power of -10 dBm, and the wavelength of signal light of 
1.551 pm. 
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6 
FIGS. 6A and 6B show the output power and NF prop 

erties as functions of the concentration/length product of an 
optical fiber, respectively, with the total 0.98 um/1.48 um 
band light powers as a parameter changing in the range of 40 
mW to 200 mW, under the conditions of the sum of the 
concentration/length products of 10 Kppm-m, the ratio of the 
0.98 um/1.48 um band light powers of 1:1, the input light 
power of 1 dBm, and the wavelength of signal light of 1.551 
III. 
FIGS. 7A and 7B show the output power and NF prop 

erties as functions of the concentration/length product of an 
optical fiber, respectively, with the total 0.98 um/1.48 um 
band light powers as a parameter changing in the range of 40 
mW to 200 mW, under the conditions of the sum of the 
concentration/length products of 10 Kppm.m, the ratio of the 
0.98 u/1.48 uband light powers of 1:1, the input light power 
of-10 dBm, and the wavelength of signal light of 1.551 um. 

FIGS. 8A and 8B show the output power and NF prop 
erties as functions of the concentration/length product of an 
optical fiber, respectively, with the total 0.98 m/1.48 um 
band light powers as a parameter changing in the range of 40 
mW to 200 mW, under the conditions of the sum of the 
concentration/length products of 10 Kppm.m., the ratio of the 
0.98 um/1.48 um band light powers of 1:3, the input light 
power of 1 dBm, and the wavelength of signal light of 1.551 
III). 
FIGS. 9A and 9B show the output power and NF prop 

erties as functions of the concentration/length product of an 
optical fiber, respectively, with the total 0.98 um/1.48 um 
band light powers as a parameter changing in the range of 40 
mW to 200 mW, under the conditions of the sum of the 
concentration/length products of 10Kppm.m., the ratio of the 
0.98 um/1.48 um band light powers of 1:3, the input light 
power of -10 dBm, and the wavelength of signal light of 
1.551 um. 
FIGS. 10A and 10B show the output power and NF 

properties as functions of the concentration/length product 
of an optical fiber, respectively, with the ratio of 0.98 
um/1.48 um band light powers as a parameter changing in 
the range of 20 mW:180 mW to 180 mW:20 mW, under the 
conditions of the sum of the concentration/length products 
of 10 Kppm.m, the total 0.98 m/1.48 um band light powers 
of 200 mW, the input light power of 1 dBm, and the 
wavelength of signal light of 1.551 um. 

FIGS. 11A and 11B show the output power and NF 
properties as functions of the concentration/length product 
of an optical fiber, respectively, with the ratio of 0.98 
um/1.48 um band light powers as a parameter changing in 
the range of 20 mW:180 mW to 180 mW:20 mW, under the 
conditions of the sum of the concentration/length products 
of 10 Kppm.m, the total 0.98 um/1.48 umband light powers 
of 200 mW, the input light power of -10 dBm, and the 
wavelength of signal light of 1.551 um. 

FIGS. 12A and 12B show the output power and NF 
properties as functions of the concentration/length product 
of an optical fiber, respectively, with the ratio of 0.98 
um/1.48 um band light powers as a parameter changing in 
the range of 20 mW:180 mW to 180 mW:20 mW, under the 
conditions of the sum of the concentration/ength products 
of 5 Kppm.m, the total 0.98 m/1.48 um band light powers 
of 200 mW, the input light power of 1 dBm, and the 
wavelength of signal light of 1.551 um. 

FIGS. 13A and 13B show the output power and NF 
properties as functions of the concentration/length product 
of an optical fiber, respectively, with the ratio of 0.98 
pum/1.48 m band light powers as a parameter changing in 
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the range of 20 mW:180 mW to 180 mW:20 mW, under the 
conditions of the sum of the concentration/length products 
of 5 Kppm-m, the total 0.98 pum/1.48 um band light powers 
of 200 mW, the input light power of -10 dBm, and the 
wavelength of signal light of 1.551 um. 
FIGS. 14A and 14B show the output power and NF 

properties as functions of the concentration/length product 
of an optical fiber, respectively, with the sum of the con 
centration/length products as a parameters changing in the 
range of 2.5 Kppm-m to 12.5 Kppm.m, under the conditions 
of each of 0.98 um/1.48 um pump band light powers of 100 
mW, the input light power of 1 dBm, and the wavelength of 
signal light of 1.551 um. 

FIG. 15 shows a second example of the fiber amplifier 
according to the present invention. 

FIG. 16 shows wavelength dependency of the absorption 
cross section and the emission cross section. 

FIG. 17 shows a third example of the fiber amplifier 
according to the present invention. 

FIG. 18 shows a first example of the light signal trans 
mission system according to the present invention. 

FIG. 19 shows a second example of the light signal 
transmission system according to the present invention. 

FIG. 20 shows a third example of the light signal trans 
mission system according to the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Example 1 
FIG. 1 shows a configuration of a first example of the fiber 

amplifier according to the present invention. An erbium 
doped optical fiber 101 is connected with a first pump 
semiconductor laser 102 for emitting 0.98 um band light 
through an optical coupler 103 for coupling 0.98 um band 
pump light and 1.55 um band signal light. Another erbium 
doped optical fiber 104 is connected with a second pump 
semiconductor laser 105 for emitting 1.48 um band light 
through an optical coupler 106 for coupling 1.48 um band 
pump light and 1.55 um band signal light. An optical filter 
107 as a pump light isolator is installed between the optical 
fibers 101 and 104. With the optical filter 107, the 1.48 um 
band pump light is substantially prevented from entering the 
optical fiber 101, so that the 1.48 um band pump light is 
prevented from being amplified by the 0.98 um band pump 
light. The filter 107 should be sufficiently transparent for the 
1.55 um band signal light. In this example, a dielectric 
multilayer film with low insertion loss is used. Optical 
isolators 108 and 109 are provided to prevent the fiber 
amplifier from oscillating through obtaining a high gain. 

FIG. 2 shows a system for evaluating the output power 
and NF properties of the 0.98 um/1.48 um band pumped 
fiber amplifier. 

Light output from a DFB laser 202 as a signal source is 
amplified by a fiber amplifier 203 and then attenuated by an 
optical attenuator 204. An optical spectrum analyzer 205 is 
used for the measurement of the output power in order to 
eliminate the influence of ASE. The NF is measured by an 
electrical evaluation method which can provide a highly 
precise measurement even at a high-input operation. The 
method includes modulating the intensity of the DFB laser 
202 by an optical signal generator 201 and introducing the 
output light to an optical signal analyzer 206 so as to 
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8 
calculate the degradation of CNR between the input light 
and the output light to obtain the NF of the fiber amplifier. 
The output power and NF of the fiber amplifier were 

measured under the conditions of the 0.98 um band pump 
light power of 50 mW, the 1.48 um band pump light power 
of 150 mW, and the input signal power of 1 dBm. The 
product of the length of an optical fiber and the concentra 
tion of erbium ions in the optical fiber (hereinafter, referred 
to as the concentration/length product) was used in this 
evaluation. The sum of the concentration/length product of 
the optical fiber 101 and the concentration/length product of 
the optical fiber 104 was fixed to 10 Kppm-m. The optical 
filter 107 produces losses of 50 dB, 30 dB, and 0.3 dB for 
0.98 um band light, 1.48 pum band light, and 1.55 um band 
signal light, respectively. 

FIGS. 3A and 14B show the results obtained by this 
evaluation using the system of FIG. 2. In these figures, the 
solid lines show the range of the concentration/length prod 
uct of the optical fiber 101 where the properties can be 
improved by the provision of the optical filter 107. 

FIGS. 3A and 3B show the output power and NF prop 
erties as functions of the concentration/length product of the 
optical fiber 101, respectively, with the input power as a 
parameter changing in the range of -20 dBm to 10 dBm. 
From these figures, it is found that the value of the concen 
tration/length product which is optimal both for the output 
power and NF can be obtained when the concentration/ 
length product of the optical fiber 101 is varied with the sum 
of the concentration/length products of the optical fibers 101 
and 104 kept fixed. Under the input power of 1 dBm, a high 
output power of 20 dBm and a low NF of 3.4 dB are 
obtained when the concentration/length product of the opti 
cal fiber 101 is 4.4 Kppm-m. 
A fiber amplifier having the same configuration of FIG. 1 

except that no optical filter was installed between the optical 
fibers 101 and 104 was also evaluated under the same 
conditions. In this case, the output power was 18.5 dBm and 
the NF was 3.8 dB. The above results indicate that the output 
power and NF properties can be improved by providing the 
optical filter as far as the concentration/length product of the 
optical fiber 101 is in the range shown by the solid lines. 
This range of the concentration/length product where the 
properties can be improved by the provision of the optical 
filter is wider as the input power is smaller as shown in 
FIGS. 3A and 3B. 

FIGS. 4A and 9B show the output power and NF prop 
erties as functions of the concentration/length product of the 
optical fiber 101, respectively, with the total pump light 
power as aparameter changing in the range of 40 mW to 200 
mW. The sum of the concentration/length products of the 
optical fibers 101 and 104 is fixed to 10 Kppm.m. FIGS. 4A 
and 4B show the output power and NF, respectively, when 
the ratio of 0.98 um/1.48 um band pump light powers is 3:1 
and the input light power is 1 dBm, FIGS.5A and 5B show 
the output power and NF, respectively, when the ratio of 0.98 
um/1.48 um band pump light powers is 3:1 and the input 
light power is -10 dBm. FIGS. 6A and 6B show the output 
power and NF, respectively, when the ratio of 0.98 pum/1.48 
unband pump light powers is 1:1 and the input light power 
is 1 dBm. FIGS. 7A and 7B show the output power and NF, 
respectively, when the ratio of 0.98 um/1.48 um band pump 
light powers is 1:1 and the input light power is -10 dBm. 
FIGS. 8A and 8B show the output power and NF, respec 
tively, when the ratio of 0.98 m/1.48 um band pump light 
powers is 1:3 and the input light power is 1 dBm. FIGS. 9A 
and 9B show the output power and NF, respectively, when 
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the ratio of 0.98 um/1.48 um band light powers is 1:3 and the 
input light power is -10 dBm. 
From these figures, it is found that the output power and 

NF properties can be improved by providing the optical 
filter. The variation in the optimum concentration/length 
product of the optical fiber 101 corresponding to the change 
in the total power of pump light is as small as 10% or less. 
Therefore, the properties of the fiber amplifier will not be 
lowered if the fiber amplifier is adjusted under automatic 
power control (APC) at the time of installing the optical 
filter. 

FIGS. 10A and 13B show the output power and NF 
properties as functions of the concentration/length product 
of the optical fiber 101, respectively, with the 0.98 um/1.48 
um band pump light powers changing in the ranges of 20 
mW to 180 mW and 180 mW to 20 mW, respectively. The 
total pump light power is fixed to 200 mW. FIGS. 10A and 
10B show the output power and NF, respectively, when the 
sum of the concentration/length product of the optical fibers 
101 and 104 is 10 Kppmm and the input light power is 1 
dBm. FIGS. 11A and 11B show the output power and NF, 
respectively, when the sum of the concentration/length prod 
uct of the optical fibers 101 and 104 is 10 Kppm-m and the 
input light power is -10 dBm. FIGS. 12A and 12B show the 
output power and NF, respectively, when the sum of the 
concentration/length product of the optical fibers 101 and 
104 is 5 Kppm-m and the input light power is 1 dBm. FIGS. 
13A and 13B show the output power and NF, respectively, 
when the sum of the concentration/length product of the 
optical fibers 101 and 104 is 5 Kppm-m and the input light 
power is -10 dBm. From these figures, it is found that the 
output power and NF properties can be improved by pro 
viding the optical filter. It is also found that the optimum 
concentration/length product of the optical fiber 101 for the 
output power and NF varies corresponding to the change in 
the ratio of the pump light powers. However, since the 
optimum value for the output power and that for NF are 
always the same, it is easy to adjust an error of the concen 
tration/length product of the optical fibers produced at the 
time of manufacturing the fiber amplifier by varying the 
ratio of pump light powers. 

FIGS. 14A and 14B show the output power and NF 
properties as functions of the concentration/length product 
of the optical fiber 101, respectively, when the sum of the 
concentration/length products of the optical fibers 101 and 
104 is changed in the range of 2.5 Kppm.m to 12.5 Kppm.m. 
The 0.98 um/1.48 um band pump light powers are respec 
tively fixed to 100 mW. From these figures, it is found that 
the output power and NF properties can be improved by 
providing the optical filter. 
As described above, it was observed that the output power 

and NF properties of the 0.98 um/1.48 um band pumped 
fiber amplifier were improved by installing the optical filter 
as a pump light isolator between the erbium-doped optical 
fibers. This is possible by the following two effects: the NF 
property at the high pump wavelength is improved by 
preventing the 1.48 pum band pump light from being ampli 
fied by the 0.98 um band pump light; the fiber amplifier has 
the configuration where signal light, not the 1.48 um band 
pump light, is amplified by the 0.98 um band pump light 
having a high differential gain, so that a high output power 
is obtained as the entire fiber amplifier. Thus, with this 
configuration, the low NF property at 0.98 um band pump 
ing and the high output power property at 1.48 m band 
pumping can be obtained simultaneously. 

Example 2 

FIG. 15 shows a configuration of a second example of the 
fiber amplifier according to the present invention. An 
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10 
erbium-doped optical fiber 111 is connected with a first 
pump semiconductor laser 102 for emitting 0.98 um band 
light through an optical coupler 103 for coupling 0.98 um 
band pump light and 1.55 um band signal light. The erbium 
doped optical fiber 111 is also connected with a second pump 
semiconductor laser 105 for emitting 1.48 um band light 
through an optical coupler 106 for coupling 1.48 um band 
pump light and 1.55 um band signal light. Optical isolators 
108 and 109 are provided to prevent the fiber amplifier from 
oscillating through obtaining a high gain. 

Equation (1) shows the condition where the 1.48 m band 
pump light is prevented from being amplified at points in the 
erbium-doped optical fiber. 

of of Tpl" (pl. -- of . O." - of, o, I (bs S (1) 
- - - 11, p. s' s is 
of + of of + ola 

P (2) 
= - - (k=p1.s ck TL. (A). h. v. (k=p1,s) 

wherein o'la denotes the absorption cross sections (a) 
and the emission cross sections (e) for 0.98 um band pump 
light (p1), 1.48 um band pump light (p2), and 1.55 um band 
signal light (s), respectively. () denotes the photon den 
sities represented by Equation (2) for the respective wave 
lengths. T. denotes the confinement coefficients for the 
respective wavelengths. T denotes the relaxation time for the 
signal light wavelength. P. denotes the light power for each 
wavelength, A, the mode field diameter at each wavelength, 
h the Planck's constant, and V the oscillating frequency 
corresponding to each wavelength. 

Equation (1) shows that, in order to prevent the 1.48 um 
band pump light from being amplified by the 0.98 um band 
pump light even when the light power of the latter is large, 
the absorption cross section at the 1.48 um band light 
wavelength should be large while the emission cross section 
should be small, or the absorption cross section at the signal 
light wavelength should be small while the emission cross 
section should be large. Especially, when the emission cross 
section is sufficiently smaller than the absorption cross 
section in the 1.48 um band, both the first term and the 
second term of Equation (1) are small. Thus, Equation (1) is 
Satisfied. 
The absorption cross section and the emission cross 

section of the optical fiber 111 have the wavelength depen 
dency as shown in FIG. 16. Since the emission cross section 
is sufficiently smaller than the absorption cross section in the 
1.48 um band, Equation (1) is satisfied at this wavelength 
under the normal pump light power and signal light power. 
Thus, the NF property is prevented from being degraded. 

Example 3 

FIG. 17 shows a configuration of a third example of the 
fiber amplifier according to the present invention. An 
erbium-doped optical fiber 111 is connected with a first 
pump semiconductor laser 102 for emitting 0.98 um band 
light through an optical coupler 103 for coupling 0.98 um 
band pump light and 1.55 um band signal light. The erbium 
doped optical fiber 111 is also connected with a second pump 
semiconductor laser 105 for emitting 1.47 um band light 
through an optical coupler 106 for coupling 1.47 um band 
pump light and 1.55 um band signal light. Optical isolators 
108 and 109 are provided to prevent the fiber amplifier from 
oscillating through obtaining a high gain. 
The absorption cross section and the emission cross 

section of the optical fiber 111 have the wavelength depen 
dency as shown in FIG. 16. Since the emission cross section 
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is substantially zero in the 1.47 um band, Equation (1) is 
satisfied at this wavelength, independent of the pump light 
power and signal light power. Thus, the NF property is 
prevented from being degraded. 

Example 4 
FIG. 18 shows a configuration of a first example of the 

light signal transmission system according to the present 
invention. A DFB laser 100 as a signal light source oscillates 
at a wavelength of 1.551 um. Each of erbium-doped optical 
fibers 101 is connected with a first pump semiconductor 
laser 102 for emitting 0.98 um band light through an optical 
coupler 103 for coupling 0.98 um band pump light and 1.55 
um band signal light. Each of erbium-doped optical fibers 
104 is connected with a second pump semiconductor laser 
105 for emitting 1.48 um band light through an optical 
coupler 106 for coupling 1.48 um band pump light and 1.55 
um band signal light. Optical filters 107 as a pump light 
isolator are respectively installed between the optical fibers 
101 and 104. With the optical filters 107, the 1.48 um band 
pump light is substantially prevented from entering the 
optical fibers 101, so that the 1.48 um band pump light is 
prevented from being amplified by the 0.98 um band pump 
light. The filter 107 should be sufficiently transparent for the 
1.55 um band signal light. In this example, a dielectric 
multilayer film with low insertion loss is used. Optical 
isolators 108 and 109 are provided to prevent the fiber 
amplifier from oscillating by obtaining a high gain. The 
system of this example also includes a single mode optical 
fiber 110. 

Example 5 

FIG. 19 shows a configuration of a second example of the 
light signal transmission system according to the present 
invention. ADFB laser 100 as a signal light source oscillates 
at a wavelength of 1.551 um. Each of erbium-doped optical 
fibers 111 is connected with a first pump semiconductor laser 
102 for emitting 0.98 um band light through an optical 
coupler 103 for coupling 0.98 um band pump light and 1.55 
um band signal light. The erbium-doped optical fiber 111 is 
also connected with a second pump semiconductor laser 105 
for emitting 1.48 um band light through an optical coupler 
106 for coupling 1.48 pumband pump light and 1.55umband 
signal light. Optical isolators 108 and 109 are provided to 
prevent the fiber amplifier from oscillating through obtain 
ing a high gain. The fiber amplifier of this example also 
includes a single mode optical fiber 110. 
The absorption cross section and the emission cross 

section of the optical fiber 111 have the wavelength depen 
dency as shown in FIG. 16. Since the emission cross section 
is sufficiently smaller than the absorption cross section in the 
1.48 um band, Equation (1) is satisfied at this wavelength 
under the normal pump light power and signal light power. 
Thus, the NF property is prevented from being degraded. 

Example 6 

FIG. 20 shows a configuration of a third example of the 
light signal transmission system according to the present 
invention. A DFB laser 100 as a signal source oscillates at 
a wavelength of 1.551 um. Each of erbium-doped optical 
fibers 110 is connected with a first pump semiconductor 
laser 102 for emitting 0.98 um band light through an optical 
coupler 103 for coupling 0.98 um band pump light and 1.55 
um band signal light. The erbium-doped optical fiber 110 is 
also connected with a second pump semiconductor laser 105 
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12 
for emitting 1.47 um band light through an optical coupler 
106 for coupling 1.47 umband pump light and 1.55 um band 
signal light. Optical isolators 108 and 109 are provided to 
prevent the fiber amplifier from oscillating through obtain 
ing a high gain. The fiber amplifier of this example also 
includes a single mode optical fiber 110. 
The absorption cross section and the emission cross 

section of the optical fiber 111 have the wavelength depen 
dency as shown in FIG. 16. Since the emission cross section 
is substantially Zero in the 1.47 um band, Equation (1) is 
satisfied at this wavelength, independent of the pump light 
power and signal light power. Thus, the NF property is 
prevented from being degraded. 

In the above examples, the optical filter of a dielectric 
multilayer film with low insertion loss was used. An etalon 
type optical filter and a grating type optical filter (e.g., an 
optical fiber grating) which have high wavelength selection 
property may be more effective in blocking the 1.48 um 
band pump light. When an optical isolator is used, ASE can 
be eliminated, as well as the 1.48 um band pump light can 
be prevented from being amplified. 

In the above examples, the multi-mode pump light laser 
light having a wavelength of 1.48 um was used as the 1.48 
um band pump light. The same effects can be obtained by 
using a single-mode laser or a multi-mode laser having an 
oscillation peak wavelength of about 1.49 um or less where 
absorption is provided. In Examples 1 and 4, the same 
effects can be obtained when a pump light source having a 
broad oscillation spectrum such as an LED is used. 

In the above examples, the optical fiber doped with 
erbium ions homogeneously throughout the length thereof 
was used. The same effects can be obtained when the optical 
fiber has a concentration profile gradient along the length 
thereof or it is composed of a plurality of portions with 
different concentrations which are connected to one another. 

The 0.98 um band pump light was incidentforward to the 
erbium-doped optical fiber, while the 1.48 um band pump 
light was incident backward to the erbium-doped optical 
fiber. However, in Examples 2, 3, 5, and 6, the same effects 
can be obtained when the 0.98 um band pump light and the 
1.48 um band pump light are incident to the optical fiber in 
the same direction. In Examples 1 and 4, it is significantly 
effective for further increasing the output power to use a 
1.48 um/1.55 um band filter type WDM coupler as a pump 
light isolator and allow additional 1.48 um band pump light 
to enter the optical fiber 104. 
Though the signal light having a wavelength of 1.551 pum 

was used, the same effects can be obtained as long as the 
wavelengthis in the range of about 1.53 um to 1.57 um (1.55 
umband) or even when a plurality of signals having different 
wavelengths are simultaneously incident. 

Various other modifications will be apparent to and can be 
readily made by those skilled in the art without departing 
from the scope and spirit of this invention. Accordingly, it is 
not intended that the scope of the claims appended hereto be 
limited to the description as set forth herein, but rather that 
the claims be broadly construed. 
What is claimed is: 
1. An erbium-doped fiber amplifier for amplifying signal 

light, comprising: 
a first optical fiber doped with erbium ions and having an 

input portion and an output portion, the first optical 
fiber being pumped by 0.98 pm band light and ampli 
fying the signal light; 

a first pump light source for producing the 0.98 um band 
light; 
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a first optical coupler for receiving the 0.98 um band light 
from the first pump light source, and coupling the 0.98 
um band light with the signal light at the input portion 
of the first optical fiber; 

a second optical fiber doped with erbium ions and having 
an input portion and an output portion, the second 
optical fiber being pumped by 1.48 um band light and 
amplifying the signal light; 

a second pump light source for producing the 1.48 um 
band light, and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 umband light with the signal light at the output 
portion of the second optical fiber; 

wherein a pump light isolator is installed between the 
output portion of the first optical fiber and the input 
portion of the second optical fiber, and 

the pump light isolator blocks the passing of the 1.48 um 
band light from the input portion of the second optical 
fiber to the output portion of the first optical fiber so 
that the intensity of the 1.48 um band light is less than 
that of the signal light in the first optical fiber, while the 
pump light isolator allows the passing of the signal 
light from the output portion of the first optical fiber to 
the input portion of the second optical fiber. 

2. An erbium-doped fiber amplifier according to claim 1, 
wherein the pump light isolator includes an optical filter. 

3. An erbium-doped fiber amplifier according to claim 1, 
wherein the pump light isolator includes an optical fiber 
grating. 

4. An erbium-doped fiber amplifier according to claim 1, 
wherein the pump light isolator includes an optical isolator. 

5. An erbium-doped fiber amplifier according to claim 1, 
wherein the first pump light source includes a semiconductor 
laser. 

6. An erbium-doped fiber amplifier according to claim 1, 
wherein the second pump light source includes a semicon 
ductor laser. 

7. An erbium-doped fiber amplifier for amplifying signal 
light, comprising: 

an optical fiber doped with erbium ions, the optical fiber 
being pumped by 0.98 um band light and 1.48 um band 
light and amplifying the signal light; 

a first pump light source for producing the 0.98 m band 
light; 

a first optical coupler for receiving the 0.98 umband light 
from the first pump light source, and coupling the 0.98 
in band light with the signal light; 

a second pump light source for producing the 1.48 um 
band light, and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 um band light with the signal light, 

wherein an emission cross section of the optical fiber at 
1.48 um band is sufficiently smaller than an absorption 
cross section at the 1.48 um band so that the 1.48 um 
band light will not be amplified. 

8. An erbium-doped fiber amplifier according to claim 7, 
wherein the first pump light source includes a semiconductor 
laser. 

9. An erbium-doped fiber amplifier according to claim 7, 
wherein the second pump light source includes a semicon 
ductor laser. 

10. An erbium-doped fiber amplifier for amplifying signal 
light, comprising: 
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14 
an optical fiber doped with erbium ions, the optical fiber 

being pumped by 0.98 um band light and 1.48 um band 
light and amplifying the signal light; 

a first pump light source for producing the 0.98 um band 
light; 

a first optical coupler for receiving the 0.98 um band light 
from the first pump light source, and coupling the 0.98 
um band light with the signal light; 

a second pump light source for producing the 1.48 um 
band light; and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 um band light with the signal light, 

wherein the 1.48 um band light has a wavelength of a 
level where the 1.48 um band light will not be amplified 
in the optical fiber, 

11. An erbium-doped fiber amplifier according to claim 
10, wherein the first pump light source includes a semicon 
ductor laser. 

12. An erbium-doped fiber amplifier according to claim 
10, wherein the second pumplight source includes a semi 
conductor laser. 

13. An optical fiber communication system, comprising: 
a light source for producing 1.55 um band light as signal 

light, 
a first optical fiber doped with erbium ions and having an 

input portion and an output portion, the first optical 
fiber being pumped by 0.98 um band light and ampli 
fying the signal light; 

a first pump light source for producing the 0.98 um band 
light; 

a first optical coupler for receiving the 0.98 m band light 
from the first pump light source, and coupling the 0.98 
um band light with the signal light at the input portion 
of the first optical fiber; 

a second optical fiber eloped with erbium ions and having 
an input portion and an output portion, the second 
optical fiber being pumped by 1.48 un band light and 
amplifying the signal light; 

a second pump light source for producing the 1.48 in 
band light; and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 umband light with the signal light at the output 
portion of the second optical fiber; 

wherein a pump light isolator is installed between the 
output portion of the first optical fiber and the input 
portion of the second optical fiber, and 

the pump light isolator blocks the passing of the 1.48 un 
band light from the input portion of the second optical 
fiber to the output portion of the first optical fiber so 
that the intensity of the 1.48 m band light is less than 
that of the signal light in the first optical fiber, while the 
pump light isolator allows the passing of the signal 
light from the output portion of the first optical fiberto 
the input portion of the second optical fiber. 

14. An optical fiber communication system according to 
claim 13, wherein the pump light isolator includes an optical 
filter. 

15. An optical fiber communication system according to 
claim 13, wherein the pump light isolator includes an optical 
fiber-grating. 

16. An optical fiber communication system according to 
claim 13, wherein the pump light isolator includes an optical 
isolator. 
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17. An optical fiber communication system according to 
claim 13, wherein the first pump light source includes a 
semiconductor laser. 

18. An optical fiber communication system according to 
claim 13, wherein the second pump light source includes a 
semiconductor laser. 

19. An optical fiber communication system, comprising: 
a light source for producing 1.55 um band light as signal 

light; 
an optical fiber doped with erbium ions, the optical fiber 

being pumped by 0.98 um band light and 1.48 um band 
light and amplifying the signal light; 

a first pump light source for producing the 0.98 um band 
light; 

a first optical coupler for receiving the 0.98 pumband light 
from the first pump light source, and coupling the 0.98 
um band light with the signal; 

a second pump light source for producing the 1.48 pum 
band light; and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 um band light with the signal light, 

wherein an emission cross section of the optical fiber at 
1.48 um band is sufficiently smaller than an absorption 
cross section at the 1.48 um band so that the 1.48 um 
band light will not be amplified. 

20. An optical fiber communication system according to 
claim 19, wherein the first pump light source includes a 
semiconductor laser, 

21. An optical fiber communication system according to 
claim 19, wherein the second pump light source includes a 
semiconductor laser. 

22. An optical fiber communication system, comprising: 
a light source for producing 1.55 um band light as signal 

light; 
an optical fiber doped with erbium ions, the optical fiber 

being pumped by 0.98 um band light and 1.48 um band 
light and amplifying the signal light; 

a first pump light source for producing the 0.98 um band 
light; 

a first optical coupler for receiving the 0.98 um band light 
from the first pump light source, and coupling the 0.98 
um band light with the signal light; 

a second pump light source for producing the 1.48 um 
band light; and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 um band light with the signal light, 

wherein the 1.48 um band light has a wavelength of a 
level where the 1.48 um band light will not be ampli 
fied. 

23. An optical fiber communication system according to 
claim 22, wherein the first pump light source includes a 
semiconductor laser. 

24. An optical fiber communication system according to 
claim 22, wherein the second pump light source includes a 
semiconductor laser. 

25. An erbium-doped fiber amplifier for amplifying signal 
light, comprising: 

a first optical fiber doped with erbium ions and having an 
input portion and an output portion, the first optical 
fiber being pumped by 0.98 um band light and ampli 
fying the signal light; 

a first pump light source for producing the 0.98 um band 
light; 

10 

15 

20 

25 

30 

35 

45 

50 

55 

60 

65 

16 
a first optical coupler for receiving the 0.98 um band light 

from the first pump light source, and coupling the 0.98 
lam band light with the signal light at the input portion 
of the first optical fiber; 

a second optical fiber doped with erbium ions and having 
an input portion and an output portion, the second 
optical fiber being pumped by 1.48 um band light and 
amplifying the signal light; 

a second pump light source for producing the 1.48 um 
band light; and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 um band light with the signal light at the output 
portion of the second optical fiber, 

wherein a pump light isolator is installed between the 
output portion of the first optical fiber and the input 
portion of the second optical fiber, and 

the pump light isolator blocks the passing of the 1.48 un 
band light from the input portion of the second optical 
fiber to the output portion of the first optical fiber so 
that the intensity of the 1.48 um band light is less than 
that of the signal light in the first optical fiber, the pump 
light isolator allows the passing of the signal light from 
the output portion of the first optical fiber to the input 
portion of the second optical fiber, and the pump light 
isolator has a loss of about 30 dB for 1.48 um band 
light. 

26. An erbium-doped fiber amplifier for amplifying signal 
light, comprising: 

a first optical fiber doped with erbium ions and having an 
input portion and an output portion, the first optical 
fiber being pumped by 0.98 um band light and ampli 
fying the signal light; 

a first pump light source for producing the 0.98 um band 
light; 

a first optical coupler for receiving the 0.98 Imband light 
from the first pump light source, and coupling the 0.98 
um band light with the signal light at the input portion 
of the first optical fiber; 

a second optical fiber doped with erbium ions and having 
an input portion and an output portion, the second 
optical fiber being pumped by 1.48 um band light and 
amplifying the signal light; 

a second pump light source for producing the 1.48 um 
band light; and 

a second optical coupler for receiving the 1.48 um band 
light from the second pump light source, and coupling 
the 1.48 umband light with the signal light at the output 
portion of the second optical fiber; 

wherein a pump light isolator is installed between the 
output portion of the first optical fiber and the input 
portion of the second optical fiber, and 

the pump light isolator blocks the passing of the 1.48 um 
band light from the input portion of the second optical 
fiber to the output portion of the first optical fiber so 
that the intensity of the 1.48 um band light is less than 
that of the signal light in the first optical fiber, the pump 
light isolator allows the passing of the signal light from 
the output portion of the first optical fiber to the input 
portion of the second optical fiber, and the pump light 
isolator prevents the 1.48 um band pump light from 
entering the first optical fiber to set a NF at 3.4 dB or 
lower. 
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